The immune response to infection includes activation of the blood clotting system, leading to extravascular fibrin deposition to limit the spread of invasive microorganisms. Some bacteria have evolved mechanisms to counteract this host response. Pla, a member of the omptin family of Gram-negative bacterial proteases, promotes the invasiveness of the plague bacterium, Yersinia pestis, by activating plasminogen to plasmin to digest fibrin. We now show that the endogenous anticoagulant tissue factor pathway inhibitor (TFPI) is also highly sensitive to proteolysis by Pla and its orthologs OmpT in Escherichia coli and PgtE in Salmonella enterica serovar Typhimurium. Using gene deletions, we demonstrate that bacterial inactivation of TFPI requires omptin expression. TFPI inactivation is mediated by proteolysis since Western blot analysis showed that TFPI cleavage correlated with loss of anticoagulant function in clotting assays. Rates of TFPI inactivation were much higher than rates of plasminogen activation, indicating that TFPI is a better substrate for omptins. We hypothesize that TFPI has evolved sensitivity to proteolytic inactivation by bacterial omptins to potentiate procoagulant responses to bacterial infection. This may contribute to the hemostatic imbalance in disseminated intravascular coagulation and other coagulopathies accompanying severe
Introduction
Aside from its role in minimizing blood loss, the clotting system is also an effector arm of the immune system that modulates release of inflammatory mediators and prevents the spread of invasive microorganisms through extravascular fibrin deposition. This "quarantine through coagulation" strategy is evolutionarily primitive, as evidenced by the sensitivity of the horseshoe crab clotting system to activation by bacterial endotoxin. 1 Indeed, fibrin deposition is one of the hallmarks of inflammation in humans, and the induration accompanying delayed-type hypersensitivity skin reactions is caused by extravascular fibrin deposition. 2 Inflammatory responses to infection include expression of tissue factor on activated monocytes as well as increased acute phase proteins like fibrinogen and PAI-I, which contribute to hypercoagulable states. 3 Some bacteria modulate the host coagulation system to evade immune responses or facilitate dissemination through extravascular tissues. For example, staphylocoagulase and streptokinase form complexes with prothrombin or plasminogen, converting them into prothrombotic (thrombin) or profibrinolytic (plasmin) enzymes. 4 Likewise, plasminogen activator (Pla), a member of the omptin family of bacterial proteases, promotes dissemination of the plague agent, Yersinia pestis, from subcutaneous sites to the lymphatic and circulatory systems. 5 Proteolytic activation of plasminogen by Pla is thought to facilitate Y pestis migration through tissue barriers, because plasmin degrades fibrin clots and extracellular matrix components, activates procollagenases, and inactivates collagenase inhibitors. [6] [7] [8] Infection of plasminogenknockout mice with wild-type Y pestis and of wild-type mice with Pla-deficient Y pestis both resulted in greater survival outcomes than infection of wild-type mice with wild-type Y pestis. Eliminating fibrinogen expression subverted the survival benefit of knocking out host plasminogen or pathogen Pla. 9 The blood clotting system is therefore a main pathophysiologic target of Pla.
Omptins are a family of outer membrane proteases expressed in Gram-negative bacteria that share approximately 50% sequence homology and preferentially proteolyze substrates between 2 basic residues. 10 Structurally, they are composed of 10 antiparallel ␤-strands forming a vase-shaped barrel embedded in the outer membrane. Lipopolysaccharide (LPS) is required for omptin enzymatic activity, and furthermore short O-antigen side chains (rough LPS) are required for omptin activity toward many exogenous macromolecular substrates. 11, 12 The cocrystal structure of LPS complexed to FhuA, an outer membrane protein with the same overall structure as the Escherichia coli omptin, OmpT, revealed a binding site for LPS and suggested that extended O-antigen side chains (smooth LPS) could sterically interfere with substrate binding. 13 Mechanisms commonly cited for activation of clotting in sepsis center on release of inflammatory signals and up-regulation of tissue factor expression. 14 The present study defines a mechanism by which Gram-negative bacteria interact directly with the clotting system to induce a hypercoagulable state. We show that bacterial omptins proteolytically inactivate an essential coagulation inhibitor, tissue factor pathway inhibitor (TFPI). The initiation phase of blood clotting involves the formation of an enzyme complex between tissue factor and factor VIIa (TF:FVIIa), which then proteolytically activates factors X (FX), 15 IX (FIX), 16 and VII (FVII). 17 TFPI functions initially by forming stable TFPI-FXa complexes, which are potent inhibitors of TF:FVIIa, blocking further initiation of blood clotting. 18 We hypothesize that sensitivity of TFPI to proteolytic inactivation by bacterial omptins has evolved in mammalian hosts to potentiate protective, procoagulant responses to bacterial infection. With the heavy bacterial loads commonly present in the circulation during the late stages of severe septicemia, this interaction may unfortunately accelerate the development of disseminated intravascular coagulation (DIC) and end-organ failure.
Methods

Materials
Monoclonal antibodies targeting the Kunitz-1 and Kunitz-2 domains of TFPI, and recombinant human TFPI expressed and purified from E coli and from SK-hepatoma cells, were generous gifts from Dr George Broze (Washington University, St Louis, MO). Thromboplastin reagents were either Innovin (Dade-Behring, Marburg, Germany) or 3 to 4 ng/mL recombinant human tissue factor relipidated into 80% phosphatidylcholine/ 20% phosphatidylserine vesicles 22 in 20 mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (HEPES), pH 7.4, 25 mM CaCl 2 . Human Gluplasminogen and plasmin were from Hematologic Technologies (Essex Junction, VT). Human pooled normal plasma and plasmas deficient in prothrombin, factor V (FV), FVII, or FX were from George King Bio-Medical (Overland Park, KS). Human FVII and FVIIa were from Enzyme Research Laboratories (South Bend, IN). Chromogenic substrates, Spectrozyme PL, and Spectrozyme FVIIa, were from American Diagnostica (Stamford, CT).
Bacterial strains, growth conditions, and reagents
Bacterial strains are described in Table 1 . E coli and Salmonella enterica serovar Typhimurium were grown in Luria-Bertani (LB) medium, while Y pestis was grown on heart infusion or LB media. E coli and S Typhimurium were grown at 37°C except for strains containing temperaturesensitive plasmids pCP20 and pKD46, which were grown at 30°C. Y pestis was grown at room temperature, except when curing temperature-sensitive plasmids at 37°C. Antibiotic concentrations were 100 g/mL ampicillin and 20 g/mL chloramphenicol (Cm).
Strain construction
Gene deletions were made using Red-mediated recombination as previously described. 23, 24 In S Typhimurium, constructs were moved into a clean wild-type background or recipient strains with other known deletion(s) by P22 HT105/1 int-201 (P22)-mediated transduction. 25 In some cases, antibiotic resistance cassettes were removed using the temperature-sensitive plasmid, pCP20, carrying FLP recombinase. 26 In all cases, appropriate insertion of antibiotic resistance markers was confirmed by PCR.
TFPI incubations/pulldowns
Overnight bacterial cultures were washed once with HBS (20 mM HEPES, pH 7.4, 140 mM NaCl, 0.1% polyethylene glycol [PEG]-8000, 0.1% bovine serum albumin [BSA]), resuspended in HBS or pooled normal plasma containing various concentrations of TFPI, then rotated at room temperature for various times. To test for binding to bacteria, TFPI incubation mixtures were centrifuged at 16 000g for 4 minutes. Supernatants were removed, and the bacterial pellet was washed with HBS and resuspended in HBS. For sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis, samples in nonreducing SDS sample buffer were resolved on 15% Tris-glycine SDS gels (Bio-Rad Laboratories, Hercules, CA). For Western blot analysis, proteins were blotted onto polyvinylidene fluoride (PVDF) membranes and probed with 1 g/mL anti-TFPI monoclonal antibodies (targeting Kunitz-1 or Kunitz-2 domains) followed by peroxidase-conjugated anti-mouse immunoglobulin G (IgG) and visualization using enhanced chemiluminescence (ECL)-plus Western blotting kits (Invitrogen, Carlsbad, CA).
Preparation of bacterial lysates/cell envelope fractions
Overnight E coli MC4100 cultures at 10 9 colony forming units (cfu)/mL were washed once, resuspended in HBS, and lysed by sonication. To isolate cell envelope fractions, lysates were centrifuged at 150 000g for 1.5 hours at 4°C. Supernatants were removed, and pellets were resuspended in HBS.
Clotting assays
Samples (50 L) of TFPI/bacterial incubation mixtures or pulldown samples were combined with 50 L pooled normal plasma and 50 L thromboplastin reagent at 37°C to initiate clotting. Time to clot formation was measured using a STart4 coagulometer (Diagnostica Stago, Parsippany, NJ). TFPI anticoagulant activities were quantified by reference to a standard curve generated with purified TFPI.
Measurement of TFPI inactivation rates
Mixtures of 30 nM TFPI and bacteria (10 7 cfu/mL E coli MC4100 or Y pestis KIM5, or 10 9 cfu/mL S Typhimurium ⌬galETK) were incubated at 37°C for various times, after which clotting activities were measured. In all instances, the time to clot formation constituted less than 10% of the total incubation time. Linear regression of plots of TFPI activity versus incubation time yielded a line (R 2 Ͼ 0.95) whose slope represented the rate of TFPI inactivation.
Clotting factor assays
Bacteria (2 ϫ 10 8 cfu/mL) were incubated with pooled normal plasma at room temperature for 1 hour. Mixtures were then diluted 20-fold into imidazole buffer (50 mM imidazole, pH 7.4, 150 mM NaCl, 1% BSA). Time to clot formation was measured after mixture of 50 L of this dilution plus 50 L factor-deficient plasma and 100 L thromboplastin reagent. Clotting factor activities were determined by reference to standard curves generated using mixtures of varying proportions of pooled normal plasma and factor-deficient plasma.
Mass spectrometry of TFPI cleavage fragment
Determination of TFPI cleavage fragment mass was performed by the University of Illinois at Urbana-Champaign Protein Sciences Facility. Briefly, 24-hour incubations of 10 10 cfu/mL E coli MC4100 and 100 g/mL TFPI were centrifuged at 16 000g for 4 minutes. TFPI fragments in the supernatant fraction were resolved on a C18 reverse-phase high-pressure liquid chromatography (HPLC) column and the major peak was analyzed by electrospray ionization mass spectrometry.
Results
An outer membrane component of E coli interacts directly with TFPI to abrogate its function
We investigated whether bacteria could modulate the function of TFPI, the major endogenous inhibitor of the initiation phase of blood clotting. Adding purified TFPI to plasma prolongs the clotting time initiated by tissue factor, which is a convenient and sensitive way to evaluate its anticoagulant function. In initial experiments, we added E coli K-12 strain, MC4100, to plasma containing sufficient TFPI to greatly prolong the clotting time; inactivation of TFPI will therefore reduce the clotting time back to the TFPI-free value. E coli abrogated the anticoagulant effect of 1 g/mL TFPI ( Figure 1A ), and the TFPI dose-response was much shallower in the presence of E coli ( Figure 1B ). The ability of E coli to counteract TFPI anticoagulant function could be due to a direct or indirect action: (1) bacteria could inactivate TFPI (via binding, proteolysis, etc) or (2) bacteria could modify another plasma protein to override TFPI's anticoagulant effect. For example, converting FV to FVa abrogates TFPI's anticoagulant function because FVa protects FXa within the prothrombinase complex from inhibition by TFPI. 27 To investigate these 2 possibilities, bacteria were incubated with plasma for 30 minutes, then removed by centrifugation. Clotting times exceeded 600 seconds when 1 g/mL TFPI was subsequently added to the bacteria-treated plasma, indicating no detectable reduction in TFPI activity ( Figure 1C ). On the other hand, when TFPI and bacteria were incubated together in plasma and then the bacteria removed, the clotting times were drastically shortened. This indicates that E coli must be in physical contact with TFPI to shorten the clotting time, suggesting they antagonize TFPI anticoagulant activity not through FV activation or otherwise "conditioning" the plasma, but rather by direct interaction with TFPI.
The above experiments used whole E coli. To identify the subcellular location of the procoagulant agent, bacterial lysates (A) Loss of TFPI activity. E coli MC4100 (10 9 cfu/mL) were incubated with or without 1 g/mL TFPI in plasma for 1 hour at room temperature, after which clotting times were measured. (B) Dependence on TFPI concentration. E coli MC4100 (10 9 cfu/mL) were incubated with varying TFPI concentrations in human plasma for 30 minutes at room temperature, after which clotting times were quantified (F), compared with samples containing TFPI but no bacteria (E). (C) Requirement for physical contact with TFPI. E coli MC4100 (10 9 cfu/mL) were incubated with 1 g/mL TFPI for 30 minutes, then bacteria were removed by centrifugation and TFPI activity tested in clotted assays. In parallel experiments, E coli MC4100 were incubated in TFPI-free plasma for 30 minutes, removed by centrifugation, and 1 g/mL TFPI was added to the plasma supernatants, after which clotting assays were performed. (D) TFPI inactivation by cell fractions containing the E coli envelope. E coli MC4100 (10 9 cfu/mL) were lysed and fractionated, and the indicated cell fractions were incubated with TFPI (3 g/mL) in HBS for 30 minutes at room temperature, then tested in clotting assays as before. (E) Only S Typhimurium strains expressing truncated O-antigen reduced clotting times. S Typhimurium (10 9 cfu/mL) were incubated with 3 g/mL TFPI in HBS for 30 minutes at room temperature, after which bacteria were removed by centrifugation and supernatants tested in clotting assays. The wild-type strain, 14028, expresses extended Oantigen side chains, while strains harboring a deletion (⌬galETK) or mutation (galE496) in the UDP-4-galactoseepimerase gene express truncated O-antigen. Samples that did not clot by 600 (A,C) or 300 seconds (D,E) are indicated by asterisks. Data are mean plus SEM (n ϭ 3).
were ultracentrifuged to separate the cell envelope from cytoplasm/periplasm contents. Particulate-free supernatants containing soluble cytoplasmic/periplasmic material failed to reverse the prolongation of clotting time by TFPI, while the resuspended pellet fraction potently reversed TFPI anticoagulant activity ( Figure 1D ). Because the pellet contained insoluble cell envelope debris, this suggested that the anti-TFPI activity of the bacteria was attributable to an outer membrane component. The putative procoagulant agent was not secreted, because incubating E coli-conditioned medium with TFPI failed to reverse TFPI's anticoagulant effect ( Figure 1D ). Furthermore, washing bacteria with buffer before incubating them with TFPI did not remove the procoagulant effect (not shown).
Rough LPS is required for S Typhimurium to abrogate TFPI anticoagulant function
We examined the ability of another Gram-negative enteric bacterium, S Typhimurium, to antagonize TFPI function. In this case, we observed ablation of TFPI anticoagulant function only with strains genetically modified to express rough LPS. LPS O-antigen is missing in E coli K-12 strains, 28 whereas the wild-type S Typhimurium strain 14028 produces O-antigen composed of polysaccharide repeats. S Typhimurium strains that are mutant in galE, which encodes UDP-galactose-4Ј-epimerase, do not synthesize the LPS outer core or O-antigen. Accordingly, we incubated a galE deletion mutant, ⌬galETK, with TFPI for 30 minutes, removed the bacteria and tested the supernatant. We found clot times similar to those without added TFPI and dramatically shorter than clot times obtained using the wild-type strain ( Figure 1E ). We also tested a S Typhimurium galE point mutant, galE496, which expresses limited O-antigen (Ͻ 1% wild-type), again observing clotting times consistent with nearly total abrogation of TFPI function. O-antigen therefore inhibits the ability of S Typhimurium to antagonize TFPI function, probably by blocking access to another outer membrane component.
TFPI inactivation occurs through proteolytic processing by omptins
Previous studies have shown that rough LPS is required for proteolytic activation of plasminogen by the omptins, Pla (expressed by Y pestis) and PgtE (expressed by Salmonella). 29 Due to the rough LPS requirement for TFPI inactivation, we hypothesized that omptins were responsible for the ability of E coli and S Typhimurium to block TFPI anticoagulant function, via proteolysis. We also hypothesized that Pla expressed on the surface of Y pestis might also abrogate TFPI function via proteolysis. To evaluate TFPI proteolysis, TFPI was incubated with S Typhimurium ⌬galETK and wild-type strains of E coli or Y pestis, resolved on SDS-PAGE, Western blot analyzed, and detected using monoclonal anti-TFPI antibodies. TFPI anticoagulant activity was quantified in parallel samples from these time courses. When TFPI was incubated with omptin-positive cells of all 3 bacteria, we observed a progressive reduction in band intensity for full-length TFPI (Figure 2A -C bottom panels), correlating with loss of TFPI anticoagulant function ( Figure  2A -C top panels). In contrast, incubating TFPI with the omptin deletion strains, Y pestis ⌬pla, E coli ⌬ompT, or S Typhimurium ⌬galETK ⌬pgtE, resulted in almost no loss in band intensity for full-length TFPI even after 4 hours (Figure 2) . We also observed little or no loss of TFPI anticoagulant activity with these deletion mutants. Taken together, these results demonstrate that omptins are required for TFPI functional inactivation by bacteria via proteolytic processing of TFPI. , which coincided with reductions in band intensity of full-length TFPI on Western blots (photographs). TFPI (1 g/mL) was incubated with (A) E coli MC4100 or ⌬ompT (10 7 cfu/mL) or (B) Y pestis KIM5 or ⌬pla (10 8 cfu/mL) in HBS at room temperature for varying times, then tested in clotting assays. Parallel samples were subjected to Western blot analysis and detected with an anti-TFPI monoclonal antibody reactive with the Kunitz-2 domain. (C) This procedure was repeated using S Typhimurium ⌬galETK or ⌬galETK ⌬pgtE (10 9 cfu/mL) and 3 g/mL TFPI (3 g/mL) and an anti-TFPI monoclonal antibody reactive with the Kunitz-1 domain. Samples that did not clot by 300 seconds are indicated by an asterisk. Clotting data are mean plus SEM (n ϭ 3).
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Ability of omptins to modify other clotting factors
Plasmin has been shown to proteolytically inactivate TFPI. 30 To rule out the possibility that omptin activation of plasminogen to plasmin indirectly contributes to TFPI inactivation, we compared TFPI activity levels for bacteria/TFPI incubations conducted in normal plasma versus those conducted in plasminogen-deficient plasma. With all 3 omptin-positive strains tested, no differences in TFPI activity levels were observed between the 2 plasma treatments ( Figure 3A) . In addition, all the omptin-negative strains caused little or no decrease in TFPI activity, whichever plasma was used. Thus, omptin-mediated plasminogen activation had a negligible effect on TFPI inactivation in these plasma clotting assays.
The possibility remained that modification of other clotting factors in plasma may have contributed to the procoagulant effect of omptins. To eliminate this possibility, omptin-positive and omptin-knockout bacterial strains were tested for their ability to enhance or degrade the coagulant activity of prothrombin, FV, FVII, or FX, in clotting assays designed to quantify the specific activities of individual plasma clotting factors. As seen in Figure  3B , C, and E, there was no observable change in activity levels of prothrombin, FV, or FX when plasma was incubated with omptinpositive versus omptin-negative strains. For FVII coagulant activity, however, incubation with wild-type Y pestis caused a modest 30% increase compared with the ⌬pla strain ( Figure 3D ). Quantitation of FVIIa levels after a one-hour incubation of wild-type Y pestis with plasma demonstrated a FVIIa concentration of 3.5 ng/mL versus approximately 1 ng/mL when plasma was incubated with the ⌬pla strain or no bacteria (data not shown). This modest increase in FVIIa concentration would not significantly change the observed clotting time in a typical tissue factor-initiated test of plasma clotting time. Importantly, in these experiments, we never observed any decrease in specific clotting factor activities for FVII, FV, FX, or prothrombin, ruling out nonspecific proteolytic degradation of blood clotting factors by these bacteria. Figure 1B) were obtained for mixtures of TFPI and various bacterial strains (10 8 cfu/mL) incubated in normal plasma (f) as well as in plasminogen-deficient plasma (Ⅺ). TFPI activities were determined by reference to a standard curve of clot times versus TFPI concentration. (B-D) Omptin activity toward extrinsic clotting factors. Omptin-positive (f, E coli MC4100, S Typhimurium ⌬galETK, and Y pestis KIM5) and omptin-negative (Ⅺ, E coli ⌬ompT, S Typhimurium ⌬galETK ⌬pgtE, and Y pestis ⌬pla) bacterial strains were tested in clotting factor assays to measure changes in the specific coagulant activity of (B) prothrombin, (C) FV, (D) FVII, or (E) FX. Data are mean plus SEM (n ϭ 3).
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TFPI is a better substrate than plasminogen for omptin-positive bacteria
To determine if TFPI was a better substrate for omptins than plasminogen,we compared TFPI inactivation rates versus plasminogen activation rates by omptin-expressing bacteria ( Table 2) . TFPI inactivation was detected by loss of TFPI anticoagulant activity as quantified in Figure 1B . Plasminogen activation was determined by incubating plasminogen with bacteria and monitoring the parabolic increase in plasmin activity ( Figure S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). Using this assay, we calculated a plasminogen activation rate by whole Y pestis KIM5 of 900 molecules/cell per minute ( Table 2 ). Sodeinde et al 5 reported a k cat of 0.21/minute Pla activation of human Glu-plasminogen based on experiments with outer membrane preparations. Extrapolating this value by their estimate of 10 000 Pla molecules per Y pestis cell would yield a maximal rate, at saturating plasminogen concentrations, of 2100 molecules/cell per minute. Using an assay similar to the plasminogen activation assay, we obtained a rate of FVII activation by wild-type Y pestis of 1980 molecules/cell per minute. (The ⌬pla strain as well as all omptin-positive and negative strains of E coli and S Typhimurium failed to generate enough plasmin or FVIIa to allow for accurate determination of activation rates.) Interestingly, we obtained rates of TFPI inactivation by wild-type Y pestis KIM5 that were more than 2 orders of magnitude higher than the rates of plasminogen or FVII activation. Omptin-positive strains of E coli and S Typhimurium inactivated enough TFPI for determination of reaction rates: wild-type E coli MC4100 exhibited a rate of TFPI inactivation similar to that of wild-type Y pestis, while S Typhimurium ⌬galETK exhibited a rate of TFPI inactivation 2-fold higher than the rate of plasminogen activation by wild-type Y pestis. Thus, for all 3 omptin-positive strains tested, the rate of TFPI inactivation is higher than the corresponding rate of plasminogen activation.
Comparison of glycosylated and nonglycosylated forms of TFPI as omptin substrates
Up to this point, all experiments used recombinant human TFPI purified from E coli, which lacks glycosylation and any other eukaryotic posttranslational modifications. TFPI purified from plasma and from various mammalian cell lines, including SKhepatoma cells, which are known to be glycosylated and exhibit a higher relative molecular weight (M r ) than TFPI expressed in bacteria. Thus, we compared the sensitivities of E coli-derived TFPI versus SK-hepatoma cell-derived TFPI (SK-TFPI) to omptinmediated inactivation. Using a clotting assay to monitor changes in TFPI activity levels at increasing bacterial concentrations, we found almost no difference in the ability of omptin-positive E coli and S Typhimurium strains to inactivate the 2 forms of TFPI ( Figure 4A,B) . Y pestis, however, exhibited differences in rates of inactivation between the 2 TFPI forms ( Figure 4C ). The rate of SK-TFPI inactivation by Y pestis was calculated as in Table 2 and Tissue pathway factor inhibitor (TFPI) inactivation rates were determined by incubating TFPI and bacteria for various times at 37°C, then quantifying TFPI activity in clotting assays. Remaining TFPI activities were determined by reference to standard curves using purified TFPI. Experimental conditions resulting in insufficient plasmin or FVIIa for accurate determination of activation rates are listed as not detectable (ND). The lower limit of detection for both assays corresponded to an activation rate of approximately 50 molecules/minute per cfu. Results are mean plus SEM (n ϭ 3). only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From was found to be 10-fold lower than the rate of bacterially derived TFPI inactivation (20 200 ϩ 990 vs 217 000 ϩ 42 000 molecules/ minute/cfu). Nevertheless, this lower inactivation rate is still more than 20 times faster than the corresponding rate of plasminogen activation by Y pestis.
Analysis of TFPI cleavage fragments generated by OmpT, PgtE, and Pla
Omptins preferentially cleave substrates between consecutive basic residues 31, 32 ; such candidate cleavage sites appear 4 times in the primary sequence of TFPI, not including a stretch of 6 consecutive basic residues in the C-terminal basic tail region. For E colimediated TFPI proteolysis, this basic tail region seemed a likely cleavage target for OmpT, because SDS-PAGE and Western blot analysis revealed a TFPI fragment between 1 to 2 kDa smaller than the 31 948 Da full-length species ( Figure 5A,B fragment 1) . Cleavage in the C-terminal basic region would result in a fragment of approximately 30 kDa, corresponding to TFPI fragment 1. Mass spectrometric analysis of this fragment yielded a molecular weight of 28 733 Da, corresponding to cleavage between residues K249 and G250 near the C terminus or between residues F28 and K29 near the N terminus. This latter scissile bond location is highly unlikely, because cleavage by omptins occurs C-terminal, not N-terminal to a basic P1 residue. Wild-type E coli appears to generate only this single TFPI fragment, even after an extended (24-hour) incubation ( Figure 5A lane 5) .
The S Typhimurium ⌬galETK strain also generates a fragment of similar M r after a 24-hour incubation with TFPI ( Figure 5A lane  4) . In addition, the ⌬galETK strain also generates a TFPI fragment of 20 to 25 kDa ( Figure 5B fragment 2) . This band comigrates with the fragment detected in Western blot analysis of bacterial pellet samples from pull-down experiments using a Kunitz-2 domain specific monoclonal antibody ( Figure 5C ). This fragment is not seen in the supernatants, suggesting that the fragment contains regions of TFPI that facilitate binding to the bacterial outer membrane (most likely the Kunitz-3 domain and/or C-terminal basic region). A third cleavage fragment generated by S Typhimurium ⌬galETK is visible on Coomassie-stained SDS-PAGE of supernatant samples from 24-hour incubations ( Figure 5A fragment  4) . This band corresponds to one seen on Western blot analysis of supernatant samples probed with a Kunitz-1 domain-specific monoclonal antibody (data not shown). It also corresponds to the lowest M r band generated by wild-type Y pestis ( Figure 5A) , with an M r of 10 to 15 kDa. Y pestis generates a second band of approximately 18 kDa ( Figure 5B fragment 3) . In addition, Y pestis also generates a TFPI fragment that comigrates with the highest M r fragment generated by S Typhimurium ⌬galETK and wild-type E coli strains ( Figure 5B fragment 1) . After 24 hours, this band is nonexistent in the Y pestis incubation samples as demonstrated by SDS-PAGE ( Figure 5A lane 3) . The fact that omptin-positive strains generated discrete TFPI bands on SDS-PAGE rather than a smear indicates that omptins target specific residues on TFPI for cleavage.
Discussion
For decades, naturally occurring strains of Y pestis have been known possess a coagulase activity unseen in other Yersinia Figure 5 . Analysis of TFPI cleavage by whole bacteria. (A) Omptin-positive bacterial strains, E coli MC4100, S Typhimurium ⌬galETK, or Y pestis KIM5 (10 9 cfu/mL) were incubated with TFPI (100 g/mL) in HBS without BSA for 24 hours at room temperature, after which mixtures were resolved on SDS-PAGE and stained with Coomassie blue. (B) TFPI (3 g/mL) was incubated with omptin-positive bacterial strains (10 9 cfu/mL) in HBS for varying times, after which the mixtures were Western blot analyzed and detected with an anti-TFPI monoclonal antibody reactive with the Kunitz-2 domain. Discrete fragments are indicated by arrows and numbered. (C) S Typhimurium, (D) E coli, or (E) Y pestis at 10 9 cfu/mL were incubated with TFPI (3 g/mL) for 30 minutes at room temperature in HBS after which bacteria were removed by centrifugation at 16 000g for 4 minutes. Supernatants were transferred to separate tubes while the bacterial pellets were washed once with HBS, pelleted, and resuspended in HBS. Western blot analysis of the resulting supernatant and bacterial pellet fractions were probed with monoclonal antibodies reactive with the Kunitz-2 domain of TFPI. species. 33 Sodeinde and Goguen determined that this activity was dependent on the expression of the omptin gene, pla, which also confers the ability to promote fibrinolysis. 34 As a result, the coagulase activity was thought to be an artifact of Pla-mediated conversion of plasminogen into plasmin, an enzyme known to degrade fibrin. 5 We now report a biochemical basis for the Y pestis coagulase activity: Pla inactivates TFPI and activates FVII by limited proteolysis. Furthermore, we have established that 2 other members of the omptin family, OmpT and PgtE, also confer the ability to proteolytically inactivate TFPI. Through the use of omptin gene deletions we have established that cleavage of TFPI by bacteria requires the expression of omptins, and this cleavage correlates with loss of TFPI anticoagulant activity. Genetic manipulation of O-antigen expression in S Typhimurium also revealed that TFPI inactivation requires rough LPS expression, a finding that agrees with previous studies showing that rough LPS is required for omptin activity toward exogenous macromolecular substrates. 11, 35, 36 Multiple pools of TFPI exist in vivo. 18 This includes soluble TFPI circulating in plasma, soluble TFPI mobilized by heparin injection (apparently loosely bound to endothelial heparan sulfate proteoglycans), and soluble TFPI released from activated platelets. There are tightly membrane-bound forms of TFPI on endothelial cells and also a truncated form of TFPI covalently attached to lipoprotein particles (with very little anticoagulant activity). The specific (patho)physiologic roles for each of these TFPI pools remain to be elucidated, but recent studies have shown that even low nanomolar concentrations of circulating TFPI have potent anticoagulant activity when assisted by protein S. 37 Proteolytic inactivation by omptins should antagonize the anticoagulant function of any of the various pools of soluble TFPI.
SDS-PAGE and Western blot analysis of TFPI cleavage fragments generated by omptin-positive E coli, S Typhimurium, and Y pestis strains demonstrated discrete fragments, including at least one 29-kDa fragment generated by all 3 species. This suggests the 3 omptins may target a common cleavage site. Mass spectrometric analysis of the fragment generated by E coli indicated it resulted from the loss of residues C-terminal to K249. This conclusion is established by the fact that omptins require substrates with a basic P1 residue and only cleavage at K249 would fulfill this requirement as well as generate a fragment that matches the M r of 28 733 Da determined from mass spectrometry. Cleavage after K249 removes the C-terminal basic tail of TFPI, a region that facilitates TFPI binding to membranes 38 and membrane receptors. 39 Loss of this region would explain the segregation of proteolyzed TFPI to the supernatant fraction of TFPI pulldowns conducted with wild-type E coli ( Figure 5D ).
The proposed cleavage site between K249 and G250 does not fully conform to the generally observed substrate preference of OmpT for cleaving between consecutive basic residues. 31, 32 This suggests specific interactions outside the immediate vicinity of the OmpT active site that could enhance its interaction with TFPI as was demonstrated for plasminogen. 40 Interestingly, omptinmediated cleavage of plasminogen also does not occur between dibasic residues, but rather between arginine and valine. Alignment of TFPI primary sequences from human, rabbit, mouse, and rat reveals that the K/G cleavage site is conserved, occurring 10 residues C-terminal to the Kunitz-3 domain in all 4 species ( Figure 5F ). This is interesting, as rodents are a natural reservoir for Y pestis, and in fact in rat TFPI, the P1Ј glycine residue is replaced by an arginine, perhaps making it a better substrate for OmpT. Separation of the C-terminal tail region from the inhibitory Kunitz-1 and -2 domains of TFPI profoundly depresses TFPI's anticoagulant function by preventing its association with FXa. 41 And since formation of a FXa-TFPI inhibitory complex is a prerequisite for TFPI's inhibition of TF:FVIIa, loss of the tail region would nullify inhibition of both FXa and TF:FVIIa. Thus, the K249-G250 scissile bond is ideally situated to exert a maximal impact on TFPI function upon its hydrolysis.
Conservation across mammalian species of this TFPI scissile bond raises the possibility that the TFPI-omptin interaction evolved not as a virulence mechanism, but rather a host defense mechanism to promote fibrin entrapment of pathogens expressing cell surface and/or extracellular proteases. The fact that all 3 omptins examined in this report inactivate TFPI faster than the rate at which Y pestis activates plasminogen supports this notion. If it were a virulence mechanism, greater variability would be expected among the omptins in their activities against TFPI, because the evolutionary pressures that produced an enzyme capable of processing TFPI would be expected to be different for each species. This is readily apparent in the unique ability of Pla to activate plasminogen efficiently and in the demonstration that Pla expression increases Y pestis virulence in vivo. 5, 9 Previous studies have shown that TFPI is sensitive to inactivation by a variety of host-derived proteases, most of which are either released by leukocytes (chymase, 42 matrix metalloproteinases, 43 cathepsin G, 44 and neutrophil elastase 45 ) or up-regulated upon activation of the clotting cascade (thrombin, 46 FXa, 47 plasmin 30 ). Because activation of clotting is a key component of inflammatory responses, TFPI inactivation by both groups of enzymes may be expected to increase during infection. We therefore hypothesize that TFPI has evolved a generalized sensitivity to proteolytic degradation to potentiate host clotting responses to infection. Furthermore, we propose that TFPI has specifically evolved sensitivity to proteolytic degradation by the conserved omptin protease family as a means of detecting and responding to Gram-negative bacterial pathogens. The ability of Pla to promote fibrinolysis through plasminogen activation is likely an adaptation unique to Y pestis that evolved to facilitate this organism's unusual life cycle.
Our finding that Y pestis inactivates the naturally occurring glycosylated form of TFPI at a rate 10-fold slower than that of nonglycosylated TFPI seems to support a profibrinolytic role for Pla in Y pestis virulence. However, the Pla-mediated rate for glycosylated TFPI inactivation is still 20-fold greater than that for plasminogen activation and 10-fold greater than the PgtE-mediated rate of inactivation of both forms of TFPI. One intriguing possibility is that Y pestis initially promotes activation of the clotting system to form a protective fibrin barrier against detection by host inflammatory cells at the regional draining lymph node (bubo), which is the nidus for bubonic plague infections in the body. Then as localized bacterial numbers grow, enough bacteria are present to sustain the infection even without the benefit of the fibrin barrier. Concurrently, the number of Pla enzymes will have increased sufficiently to compensate for the modest plasminogen activating ability of individual Pla molecules, thereby dissolving the fibrin barrier and allowing the bacteria to disseminate to other parts of the body. This strategy would seem to recapitulate the relationship between the clotting and fibrinolytic systems in vivo where plasminogen activation is greatly accelerated by the presence of fibrin, allowing orderly formation and then degradation of a fibrin clot. This scenario is consistent with in vivo studies that have shown that Pla expression generates an ameliorated inflammatory response and an alteration in the morphology of the regional draining lymph node with abundant fibrin deposition. 48, 49 In contrast to Y pestis, most naturally occurring strains of E coli and Salmonella express smooth LPS, which sterically prevents access of exogenous macromolecular substrates to the omptin active site. This is consistent with the notion that these bacteria have evolved countermeasures to prevent the procoagulant effect of TFPI inactivation. O-antigen length can be quite variable, however, with nearly 50% of E coli strain 0111 LPS moieties possessing O-antigen of less than 5 polysaccharide units. 50 In addition, S Typhimurium alters the composition of its LPS to a rough form inside intracellular macrophage vacuoles, thereby revealing full proteolytic activity toward ␣2-antiplasmin. 51 It also up-regulates the expression of PgtE in this environment under the influence of the PhoP/PhoQ regulatory system. 52, 53 Thus, it is possible that TFPI proteolysis by omptins under pathologic conditions may contribute to the hemostatic imbalance that characterizes DIC and other sepsis-associated coagulopathies, especially considering the heavy bacterial loads, up to 10 9 cfu/mL in blood, which may be present during the late stages of severe septicemia. Bacterial aggregates found in tissue lesions (ie, the bubo) undoubtedly contain even higher bacterial numbers, well within the concentration range (10 7 -10 9 cfu/mL) used in the present study to quantify TFPI inactivation. Tang et al recently reported decreased TFPI levels and increased TF-dependent coagulation in the lungs of septic baboons compared with healthy baboons, 54 which would be consistent with this premise. Other sepsis model studies have shown little decrease in TFPI activity under septic conditions. 55 In light of the failure of recombinant TFPI (Tifacogin) treatment to effect a positive outcome in severe sepsis in a recent phase III clinical trial, 55 our findings suggest that the omptin/TFPI interaction may have direct physiologic relevance. With this in mind, it may be worthwhile to examine the therapeutic use of modified forms of TFPI that are engineered to be less susceptible to omptin-mediated proteolytic inactivation.
